The asymmetry parameter ␤ for the O K shell photoemission of the CO molecule has been measured for different vibrational states of the residual ion. The corresponding calculations performed by us in the relaxed core Hartree-Fock approximation are in qualitative agreement with the experiment. From the analysis of theoretical data, we made the conclusion that the variation of ␤ with the vibrational quantum number is connected with different dependences of the dipole matrix elements in the s, d, and f channels on the internuclear distance R in the * shape resonance.
I. INTRODUCTION
Recent progress in experimental technique has made it possible to study photoionization of molecules with vibrational resolution and in that way to get the deepest insight into the structure of molecules [1] [2] [3] [4] . At the same time, development of theoretical methods has led to substantial improvement of the description of molecular photoionization processes [5] [6] [7] . The power of theory has been demonstrated recently in the example of calculation of the vibrationally resolved photoionization of the CO molecule. In particular, the partial cross sections and the asymmetry parameter ␤ for the C K shell of the CO molecule measured in [1] have been adequately described within the new modification of the relaxed core Hartree-Fock (RCHF) approximation [8] . However, calculations in the same approximation of the vibrationally resolved photoelectron angular distributions for the C K shell of the fixed-in-space CO molecule were less successful [3, 4] . Therefore, it is important to extend the comparison between theory and experiment to other cases and to study in more detail the role of different partial waves in the photoionization process. In this paper, we report on an experimental and theoretical study of the asymmetry parameter ␤ for the vibrationally resolved photoionization of the O K shell of the CO molecule in the region of the * shape resonance [9] .
It is known that the equilibrium internuclear distance of the ion with the hole in the C K shell is smaller than in the neutral ground state of CO, while for the hole in the O K shell this distance is larger. It was shown theoretically rather long ago [10] that in diatomic molecules the position and strength of the * shape resonance are sensitive functions of the nuclear separation R. With an increase in the internuclear distance R, the position of the * shape resonance moves closer to the ionization threshold, the magnitude of the resonance increases, while the width decreases. Because of this, the position of the * shape resonance in the cross section moves to smaller energies for the C K shell [1] and to larger energies for the O K shell [2] , with an increase in the vibrational quantum number vЈ. In other words, the nuclear motion influences the photoionization process, especially in the vicinity of the shape resonances. To take this into account, it was proposed in [10] to perform calculations for several fixed internuclear distances R and then to average the R-dependent dipole amplitudes d͑ , R͒ over R with the vibrational wave functions v ͑R͒ of the initial and final states. This method was successfully used for adequate description of the experimental vibrationally resolved data for the C K shell of the CO molecule [8] . That is why we are using here the same method of calculations for the O K shell.
II. METHODS
The experiment was carried out at the soft-x-ray photochemistry beamline 27SU [11] , at the 8-GeV synchrotron radiation facility SPring-8 in Japan. The radiation source is a figure-8 undulator, whose emitted radiation is linearly polarized either in the horizontal plane of the storage ring (first order) or in the vertical plane perpendicular to it (0.5th order) [12] . The Hettrick-type monochromator of this beamline can provide soft x rays in the range 150 eV to 2.5 keV, with very narrow photon bandwidth at a resolution up to 14 000 [13, 14] . The electron spectroscopy apparatus consists of a hemispherical electron analyzer (Gammadata-Scienta SES-2002), a gas cell, and a differentially pumped chamber [15] . The lens axis of the analyzer is set to a horizontal direction, with the entrance slit parallel to the photon beam. Angleresolved electron emission measurements were performed only by changing the undulator gap, without rotations of the electron analyzer. In the present measurement, the monochromator resolution was set to 55 meV at a photon energy 550 eV, while the analyzer resolution was also set to 55 meV. The degree of linear polarization was measured by observing Ne 2s and 2p photolines and confirmed to be larger than 0.98. Our calculations for the O K shell are re-*Electronic mail: ueda@tagen.tohoku.ac.jp stricted by the Hartree-Fock (HF) approximation. We checked numerically using our RPA program that the contribution of both intra-and intershell RPA correlations does not exceed 2%. The other kind of many-electron correlations, which describes the relaxation of the molecular wave functions after creation of a deep hole in the K shell (which is beyond the RPA approximation), is really important [16] and thus is taken into account by using the relaxed core HF (RCHF) approximation. In the RCHF approximation, at first the self-consistent HF bound state wave functions of the molecular ion are calculated with one electron absent from the K shell. After that, the photoelectron wave function is calculated in the potential created by these functions. On the other hand, it is also known that the standard RCHF method overestimates the influence of the relaxation effects for K shells [16] . Therefore, we use here the fractional charge RCHF method, which corresponds to some intermediate value of the charge of the hole state. To this end, we calculate the relaxed core wave functions i R ͑r͒ as solutions of the HF equation with the fractional charge z e of the molecular ion varying between 0 and 1, 0 Ͻ z e Ͻ 1. We consider z e as a free parameter which is found from the condition to reproduce correctly the position of the * shape resonance. The FCHF approximation corresponds to z e = 0, while the standard RCHF method with the integer charge corresponds to z e =1. The numerical solution of the Hartree-Fock equations has been described in detail earlier in [8, 17] .
Within the Born-Oppenheimer approximation, the differential photoionization cross section in the length form is written as (atomic units ប = m = e = 1 are used in this paper)
where is the photon energy, k is the electron momentum and r is its coordinate, ⍀ k denotes the spherical angles of the vector k, ␣ is the fine-structure constant, a 0 is the Bohr radius, ͉i͘ means the initial (ground) state of the molecule, e are the spherical projections of the photon polarization vector, and d = ͱ͑4/3͒rY 1 ͑r͒ [17] . The photoelectron orbital k ͑−͒ ͑r͒ with the incoming-wave boundary condition is expanded in partial waves in the molecular frame,
where ⑀ = k 2 / 2 is the photoelectron energy. The rotational motion is neglected. From Eq. (1), one obtains the usual expression for the angular distribution of photoelectrons for linearly polarized light,
where ͑͒ is the partial photoionization cross section,
while the asymmetry parameter ␤ is defined by the equation (in the case of shell photoionization)
with ͓l 1 ͔ϵ2l 1 + 1. We present in this paper only the results obtained in the length form, though the calculations have been performed also in the velocity form. The difference between the results in the length and velocity forms for the parameter ␤ is less than 1%.
The
In our calculations, the vibrational wave functions have been found in a harmonic-oscillator potential as well as in a more realistic anharmonic Morse potential (see [18] for details). Assuming that in the initial state only the ground vibrational level v = 0 is populated, we integrated over R using 11 points around the equilibrium distance R = 2.132 a.u. of the ground state with the step 0.05 a.u. The equilibrium internuclear distance for the molecular ion state was taken from [19] to be 2.206 a.u. The vibrational spacings are 0.269 eV for the ground state and 0.226 eV for the ion state. The corresponding anharmonicity constants x e e defining the Morse potential have been taken equal to 1.65 meV and 1.3 meV on the basis of theoretical calculations published in [20] . To prove that the 11 points in R mentioned above are sufficient for obtaining the convergent result, we show in Fig. 1 the products of the harmonic-oscillator vibrational wave functions entering Eq. (6) in that region of R. Though the difference between the harmonic oscillator and the Morse potential wave functions is relatively small, it is increasing with the vibrational quantum number vЈ and can become important for vЈ Ͼ 2. The matrix elements (6) have been substituted into Eqs. (4) and (5) to calculate the vibrationally resolved cross sections and the asymmetry parameter ␤.
III. RESULTS AND DISCUSSION
To make the decision which fractional charge z e is more appropriate for the O K shell, we performed calculations of the cross section and the parameter ␤ with two values of z e equal to 0.7 and 0.5. The position of the * shape resonance is better reproduced with z e = 0.7, while the parameter ␤ is better described with z e = 0.5. We accepted in this paper z e = 0.5 [the corresponding results will be denoted below as RCHF(0.5)]. In general, the difference between the results obtained with z e = 0.7 and z e = 0.5 is not large. Figure 2 shows the results of measurements and calculations for the asymmetry parameter ␤ for transitions from the ground vibrational level v = 0 to three vibrational levels with vЈ = 0, 1, 2 of the final ion state. Solid lines show the calculations with the harmonic-oscillator vibrational wave functions, and dashed lines represent the calculations with the Morse potential wave functions. For vЈ = 0, the agreement between theory and experiment is reasonably good, and two kinds of the vibrational wave functions give practically identical answers. Some discrepancy at about 6 -10 eV photoelectron energy may be related to the contribution of doubly excited states (see [21] for experimental evidence) not taken into account in the RCHF(0.5) approximation. For vЈ = 1, the theoretical curves are somewhat higher than the experimental points at all energies. The difference between the two kinds of vibrational wave functions remains small. For the vЈ =2 state, the discrepancy between theory and experiment is larger, though now the experimental uncertainties are also much larger due to a low photoelectron intensity. Both theories correctly reproduce the shape of the curve, but remain higher than the experiment. The difference between the two kinds of vibrational wave functions is now more pronounced, and the use of the Morse potential seems to be preferable.
For deeper understanding of the variation of the ␤ parameter, we show in Fig. 3(a) the result of calculations for several fixed internuclear distances. The ␤ parameter varies regularly with an increase in R, whereas the vibrationally resolved ␤ parameter does not vary regularly with an increase in vЈ. For clarity, we show once more in Fig. 3(b) the theoretical ␤ parameters for all three vibrational excitations. The relative contribution of different internuclear distances can be understood from Fig. 1 , where we show the product of the vibrational wave functions of the initial and final states with which the averaging of the R-dependent matrix elements is performed according to Eq. (6). While for vЈ = 0 and 1 one can speak about the main contribution of definite in- ternuclear distances, for vЈ = 2 that is already impossible due to the change of sign of the product. One can only make a conclusion that the variation of the ␤ parameter with vЈ is not expected to be regular, as is demonstrated in Fig. 3(b) .
As the next step, let us consider the R dependence of the dipole matrix elements corresponding to different partial waves. Relatively sharp oscillation of the ␤ parameter at about 10 eV photoelectron energy is connected with the existence of the * shape resonance at this energy. The resonance appears only in the channels [9] , while in the channels the cross section is nearly constant. According to our calculations, the p matrix elements have a Cooper minimum in the region of the * shape resonance and therefore do not play an important role (see Fig. 5 ). Therefore, we show in Fig. 4 only the resonance behavior of three dipole matrix elements in the s, d, and f channels giving the predominant contribution. Contrary to the conclusion drawn from the first calculations in [9] that the * shape resonance is caused essentially by the f partial wave, all three dipole matrix elements are giving a comparable contribution, as was concluded already from the complete experiment performed earlier in [22] . The resonance maximum in the s and d matrix elements moves to lower energies and increases rapidly with an increase in the internuclear distance R, whereas the maximum in the f matrix element remains nearly constant at all R. Due to that, at the internuclear distance R = 1.932 a.u. the largest contribution to the resonance is given by the f partial wave, while at the distance R = 2.332 a.u. the predominant contribution is given already by the s and d partial waves. That difference influences substantially the behavior of the vibrationally resolved results. Figure 5 displays the contribution of partial cross sections to the vibrationally resolved photoionization with vЈ = 0 and 2. For vЈ = 0, the equal contribution is given by all three channels s, d, and f, while for vЈ = 2 the f partial wave is giving the predominant contribution. For vЈ = 1, the situation is intermediate. From that, we make the conclusion that different R dependences of the dipole matrix elements in the s, d, and f channels shown in Fig. 4 can be responsible for the variation of the ␤ parameter with an increase in vЈ.
IV. CONCLUDING REMARK
We presented the vibrationally resolved asymmetry parameter ␤ measured at SPring8 and calculated in the RCHF(0.5) approximation. A reasonable agreement between theory and experiment makes it justified to theoretically analyze the origin of the dependence of ␤ on the vibrational quantum number vЈ. According to our analysis, the variation of ␤ with an increase in vЈ is connected with the different dependence of the dipole matrix elements in the s, d, and f channels on the internuclear distance R in the * shape resonance. As a result, the relative contribution from different partial waves is redistributed by the variation of the vibrational quantum number vЈ. This redistribution leads to the observed variation of the ␤ parameter with an increase in vЈ. It is worth noting that a similar situation takes place also in the vibrationally resolved C K shell photoionization of the CO molecule. 
